Background. Fibroblast growth factor 23 (FGF23), a bone-derived phosphaturic hormone, is elevated in chronic kidney disease (CKD). There are scarce data on the levels of its essential co-receptor klotho, and longitudinal changes in FGF23 levels are also unknown. Methods. We examined FGF23 and soluble klotho (sklotho) levels over 1 year in 154 children with CKD Stages 1-5 (CKD1-5), were on dialysis or who have received a transplantation. Results. In children with CKD1-5 and who were receiving dialysis, FGF23 correlated inversely with the estimated glomerular filtration rate (eGFR) (P < 0.001), whereas a decrease in s-klotho was observed with a lower eGFR (P = 0.01). There was no correlation between FGF23 and serum phosphate (P) or parathyroid hormone (PTH) in our cohort wherein 89 and 66%, respectively, had normal levels. FGF23 increased by 6-fold over a 12-month period in children with eGFR of 15-29 mL/min/ 1.73 m 2 , with an overall 5% annual increase in the CKD1-5 and dialysis cohort. High FGF23 levels were seen with high calcium (Ca) levels (P < 0.001). FGF23 levels were high when 25-hydroxyvitamin D [25(OH)D] and 1,25-dihydroxyvitamin D [1,25(OH) 2 D] were deficient (P = 0.05 and P < 0.001, respectively). s-klotho levels correlated positively with 25(OH)D (P < 0.001) and negatively with PTH (P = 0.04) and age (P = 0.03). Multivariate regression analysis demonstrated a strong relationship between FGF23 and eGFR, whereas the association between s-klotho and eGFR as observed in univariate analysis was lost following the adjustment of confounders. In transplanted patients, FGF23 correlated with eGFR (P = 0.02) and 25(OH)D (P = 0.05).
Introduction
Mineral dysregulation with altered calcium (Ca) [1] , phosphate (P) [2] and vitamin D [3, 4] homeostasis is independently associated with increased cardiovascular mortality in adults with chronic kidney disease (CKD). While hyperphosphataemia is seen late in the course of renal decline [5] , the risk of cardiovascular events is increased even at glomerular filtration rate (GFR) levels >60 mL/ min/1.73 m 2 [6] . Similarly, in children with CKD, early manifestations of cardiac and vascular damage in the form of left ventricular hypertrophy [7] and increased carotid intima media thickness and arterial stiffness are present in predialysis CKD stages [8] .
Early in the course of CKD, fibroblast growth factor 23 (FGF23), a bone-derived protein, is elevated [9] . FGF23 increases renal P excretion by down-regulating the sodiumphosphate co-transporter in the proximal tubules, thereby, at least in early CKD, increasing P excretion [10, 11] . It also suppresses 1α-hydroxylase activity and reduces the production of 1,25-dihydroxyvitamin D [1, 25(OH) 2 D] [11] . Since vitamin D is thought to be a pleiotropic hormone with multiple cardioprotective, anti-inflammatory and immunomodulatory properties [12] , the beneficial phosphaturic effects of FGF23 would appear to come with a 'trade-off' of potentially detrimental effects of suppressing 1,25(OH) 2 D production [13] . Importantly, FGF23 is not simply a biomarker but is biologically active [14] and has been independently associated with left ventricular hypertrophy [15] , impaired left ventricular function [16] , vascular calcification [17] , heart failure [18, 19] , CKD progression [20] and mortality [21] in adult CKD patients.
FGF23 acts via its obligate co-receptor klotho, a membrane-bound protein that is expressed in the kidneys and parathyroid glands [22, 23] . Defects in either FGF23 or klotho cause a combination of metabolic disturbances, including hyperphosphataemia, hypercalcaemia and hypervitaminosis D [23, 24] . To date, the actions of klotho in CKD have focused on its role as a cofactor for FGF23 signalling in regulating P and vitamin D metabolism [25] . However, membrane-bound klotho is cleaved and released into the systemic circulation; little is known about the effects of circulating soluble klotho (s-klotho), but it has been shown to act as a humoral regulator of ion transport [26] and may have direct effects on the vessel wall to mediate vascular calcification [27, 28] .
There is now a growing body of literature on FGF23 and s-klotho in CKD, but several key questions remain unanswered. New studies are emerging with data on s-klotho levels in adult patients with CKD. However, these studies have yielded contradictory results [29] [30] [31] [32] [33] . As yet, no published data on s-klotho is available in the paediatric CKD population, and since preliminary data suggest that circulating levels of s-klotho may be influenced by age [34, 35] , paediatric studies are required to examine this association. Moreover, despite a number of cross-sectional studies that show an association between FGF23 and deteriorating renal function [20, [36] [37] [38] [39] [40] [41] [42] [43] [44] , longitudinal changes in FGF23 levels in CKD patients and their impact on mineral metabolism are poorly understood. Here, we describe FGF23 and circulating s-klotho levels in a cohort of children with CKD Stages 1-5 (CKD1-5), were on dialysis or who have received a transplantation. Longitudinal changes in FGF23 as well as the interactions between FGF23, s-klotho and the Ca-P-PTH-vitamin D axis are described.
Materials and methods

Study population
We studied FGF23 and s-klotho levels in 154 children with CKD1-5, who were on dialysis or who have received a transplantation and attended the Renal Unit at Great Ormond Street Hospital for Children. The children were recruited to participate in three separate vitamin D studies [45, 46] and the measurement of FGF23 and s-klotho was undertaken as secondary analyses. Children were divided into four groups based on their eGFR: (i) CKD1-3, (ii) CKD4-5, (iii) dialysis and (iv) transplantation. Of the children with CKD1-3 [45] , 20 received daily oral ergocalciferol supplementation as per the Kidney Disease Outcomes Quality Initiative (K/DOQI) guideline [47] for a median of 12 months (range: 3-21). Twenty-eight children were on dialysis (15 on peritoneal dialysis and 13 on haemodialysis). In the cohort of transplanted children, 3 had CKD1, 23 had CKD2 and 18 had CKD3; 86% of these children were on prednisolone [46] . All studies received local research ethics committee approval. Informed written consent was obtained from all carers, and children also assented to participate, where appropriate. FGF23 and s-klotho levels were compared in 20 healthy aged-matched children.
Biochemical analysis
Blood samples were collected at baseline and every 3 months thereafter in children with CKD1-5 or who were on dialysis for a period of 12 months. Samples were centrifuged at 3000 rpm for 10 min, and the supernatant stored at −80°C until analysis. Routine serum biochemistry, FGF23 and 25(OH)D levels were analysed in all children. 1,25(OH) 2 D data were available in all but 30 children with CKD1-3 and 12 children from the transplant cohort. Plasma s-klotho levels were analysed in a random subset of 105 children only due to the cost of the assay.
Routine 2 D were 2.7 and 4.2%, respectively. Plasma FGF23 concentrations were determined using a secondgeneration human FGF23 (C-Term) ELISA (Immutopics International, San Clemente , CA). The intra-assay and inter-assay coefficient of variation were 3.8 and 6.3%, respectively. Plasma s-klotho concentrations were measured by a solid-phase sandwich ELISA (Immuno-Biological Laboratories Co. Ltd, Gunma, Japan). The intra-assay and interassay coefficient of variation as specified by the manufacturer's protocol were 2.7-3.5 and 2.9-11.4%, respectively.
Statistical analysis
All statistical analyses were performed using SPSS software, version 19 (SPSS, Chicago, IL). Results are presented as the mean ± SD or the median and inter-quartile range as appropriate, depending on the distribution of the variable. Descriptive analyses of mineral metabolites were performed after categorizing participants into four categories (CKD1-3, CKD4-5, dialysis and transplantation). Univariate comparisons of continuous variables between various groups were performed using an unpaired t-test for normally distributed data, or the non-parametric MannWhitney U test in the case of non-normally distributed variables. For multiple comparisons of several groups, ANOVA or the Kruskal-Wallis test were performed. Within group comparisons of continuous variables were performed using the paired t-test or Wilcoxon test, as appropriate. Cross-sectional analyses were performed considering the baseline values for each child included in the study. Spearman correlation tests were used for correlation analyses. Multivariate regression analysis was carried out, where variables with P value <0.15 on univariate analyses were entered into the multiple regression models; variables which were not normally distributed, including FGF23, s-klotho, PTH, 25(OH)D and 1,25(OH) 2 D, were log-transformed to achieve normality. A stepwise linear multiple regression model with eGFR, Ca, log PTH, log 25(OH)D and log s-klotho as independent variables versus log FGF23 as the dependent variable were analysed in the CKD1-5 and dialysis cohort. Similarly, log s-klotho as the dependent variable versus eGFR, age, log FGF23, Ca, log PTH and log 25(OH)D as independent variables were analysed.
Longitudinal analyses were performed considering the serial measurements performed on each child. The changes in FGF23 were investigated using a linear regression model. To ensure normality, FGF23 levels were analysed on a log scale, and then back-transformed afterwards. Therefore, estimates are multiplicative. Comparisons of continuous variables between baseline and 12 months were performed using a paired t-test or the non-parametric Wilcoxon test where appropriate. Since there are very limited data on FGF3 and no data on s-klotho in healthy children, we defined FGF23 excess as ≥75 RU/mL and s-klotho deficiency as ≤765 pg/mL using the 95th and 5th percentile of FGF23 and s-klotho distributions in our control group, respectively. For all analyses, a P < 0.05 was considered to be statistically significant.
Results
The baseline demographics, clinical and biochemical parameters of the 154 children are described in Table 1 . There were 110 children with CKD1-5, including 28 children on dialysis (described together as the CKD1-5 and dialysis group) and 44 children with a functioning graft.
FGF23, s-klotho and eGFR
The median [inter-quartile range (IQR)] plasma FGF23 level in the CKD1-5 and dialysis group and the transplant patients was 150 (77-423) and 65 (36-103) RU/mL, respectively; both were significantly higher than in the healthy age-matched controls [13.9 (11.6-32.0) RU/mL] (P < 0.001 for both comparisons). FGF23 levels were highest in dialysis patients [1120 (591-1245) RU/mL] but did not differ significantly between haemodialysis and peritoneal dialysis [1128 (956-1299) and 1060 (414-1243) RU/mL, respectively; P = 0.35]. The median (IQR) s-klotho level was 1406 (968-2304) and 1698 (1110-2123) pg/mL in the CKD1-5 and dialysis group and the transplanted patients, respectively (P = 0.01), as compared with 2406 (1710-3352) pg/mL in the controls (P = 0.04).
In contrast to FGF23, s-klotho levels were significantly lower in haemodialysis compared with peritoneal dialysis patients [881 (554-1293) and 1444 (1080-3014) pg/mL, respectively; P = 0.02].
There was a strong inverse correlation between plasma FGF23 and eGFR in the total cohort (r = −0.60, P < 0.001; Figure 1a ). s-klotho levels decreased with decreasing eGFR in the CKD1-5 and dialysis patients (r = 0.30, P = 0.01; Figure 1b) . Decreased s-klotho was also associated with increased FGF23 levels (r = −0.31, P = 0.01; Figure 1c ) in the CKD 1-5 and dialysis patients.
Transplanted patients also showed an inverse correlation between FGF23 and eGFR (r = −0.36 P = 0.02; Figure 1a ), but no association was found between s-klotho and eGFR (P = 0.48). The association between s-klotho and eGFR was not significant in the subset of transplanted patients with eGFR <60 mL/min/1.73 m 2 (P = 0.19).
FGF23 and biochemical parameters of mineral metabolism
Correlations between FGF23 and biochemical measures are presented in Table 2 . In the CKD1-5 and dialysis group, FGF23 plasma levels correlated positively with albuminadjusted serum Ca (r = 0.57, P < 0.001; Figure 2a ).
There was no association between FGF23 and serum P (P = 0.25) or PTH levels (P = 0.14). Lower levels of 25-hydroxyvitamin D [25(OH)D] were associated with higher FGF23 levels (r = −0.20, P = 0.05; Figure 2b ). The well-documented suppression of 1,25(OH) 2 D by FGF23 was confirmed in children not receiving alfacalcidol (n = 46, r = −0.59, P < 0.001; Figure 2c ), but was not present in patients on alfacalcidol. In children with CKD1-3, FGF23 correlated negatively with age (r = −0.32, P = 0.01); there was no association between FGF23 and age in the CKD1-5 and dialysis group. s-klotho levels correlated positively with 25(OH)D (r = 0.36, P < 0.001; Figure 3a ) and negatively with PTH (r = −0.23, P = 0.04; Figure 3b ). In addition, there was a negative association between s-klotho and age (r = −0.25, P = 0.03). In a multivariate regression analysis in children with CKD1-5 or on dialysis, eGFR was the only significant and independent predictor of FGF23 with each 1 mL/min/1.73 m 2 eGFR being associated with a −0.72 lower level of FGF23 (Table 2 ). Log 25(OH)D was the only significant independent predictor of s-klotho levels ( Table 2 ). In the transplanted group, the only significant association was between FGF23 and 25(OH)D levels (r = 0.30, P = 0.05; Figure 2b ). There was no association between s-klotho and any of the biochemical variables or age. 
Longitudinal analysis
In children with CKD1-5 or on dialysis, the changes in FGF23 over time were investigated using a linear regression model. The relative time effect was 1.05 per month (95% CI: 1.01, 1.10; P = 0.04), implying a 5% increase in FGF23 levels each month. When the cohort was divided into strata of decreasing eGFR, there was no significant differences in FGF23 levels between baseline and Month 12 in children with eGFR ≥30 mL/min/1.73 m 2 or on dialysis, whereas those with eGFR of 15-29 mL/min/ 1.73 m 2 showed a median 528% increase in FGF23 levels in 12 months (P = 0.04; Figure 4 ). eGFR decreased significantly over the 12-month period (P = 0.03), whereas no statistically significant differences were noted for Ca, P, PTH or vitamin D levels between these two time points. In the 20 children who received daily ergocalciferol, there was no significant change in the plasma FGF23 level after 12 months (P = 0.56), despite significant increases in both serum 25(OH)D (P < 0.001) and 1,25 (OH) 2 D (P = 0.04) levels with ergocalciferol supplementation. There were no significant changes in eGFR, Ca, P or PTH over the 12-month period in children on ergocalciferol.
Prevalence of biochemical abnormalities at different CKD stages
The number of children with high FGF23 increased progressively with declining eGFR (Figure 5 ). In the CKD1-3 cohort, 50% had high FGF23 and 13% s-klotho deficiency, whereas serum P and PTH levels were raised above normal in only 3 and 28%, respectively. 25(OH)D and 1,25(OH) 2 D deficiency was widespread and seen in 68 and 51% of children with CKD1-3. In the dialysis patients, FGF23 was raised in 100% and s-klotho levels reduced in 24%, even though P and PTH levels were in the KDOQI recommended normal range in 75 and 64% of these children, respectively. 
Discussion
This study shows that even in a population of children with well-controlled serum P, high FGF23 and low sklotho levels are seen with a progressive decline in eGFR. FGF23 is secreted by osteocytes and osetoblasts, and its circulating levels increase from the earliest stages of CKD [48] . Yet, factors that trigger FGF23 increase remain unclear. In our study FGF23 levels were increased in 50% of children with CKD1-3 when only 3% had raised P levels. Other studies have also shown a similar increase in FGF23 levels from CKD2 [36, 40, 41, 49] , well before there is a critical reduction in nephron numbers, suggesting that increased FGF23 may result from an increased bone production rather than a decreased renal clearance [50] . It has been postulated that FGF23 increases in CKD as an appropriate response to increase P load. Indeed, circulating FGF23 levels are shown to increase in response to oral P load in healthy volunteers [51] . In our study, well-controlled serum P levels may have resulted from a protective increase in FGF23 as well as dietetic P control and appropriate use of P-binders.
While FGF23 requires its obligate co-receptor membrane-bound klotho for its actions on peripheral tissues, recent studies have shown that circulating s-klotho seems to function as a humoral regulator of ion channels and growth factors independent of FGF23 [26] [27] [28] 52] . It is therefore important to consider measurements of FGF23 in the context of s-klotho levels, but studies on circulating s-klotho levels have reported contradictory results [29] [30] [31] [32] [33] . We showed that as eGFR decreased s-klotho levels also decreased in parallel with an increase in FGF23. Indeed, studies have previously reported reduced expression of klotho in the urine and kidneys of patients with renal failure [27, 53] . This is further supported by a more recent study demonstrating decreased serum levels of s-klotho in adult patients with early stages of CKD [29] . Our data extend these findings to the paediatric CKD population, and collectively, these data suggest that CKD may be a state of progressive renal resistance to FGF23. It has been reported that in uraemic patients with hyperplastic parathyroid glands, the parathyroid resistance to inhibitory effects of FGF23 are mediated, in part, by down-regulation of klotho [54] . This may explain the markedly elevated levels of PTH that are commonly seen in late stages of CKD despite high FGF23 levels [49] . The reduced expression of klotho may also explain the increased prevalence of hyperphosphataemia with a progressive renal decline even though FGF23 levels are several 100-fold above normal. In addition, given the association between klotho deficiency and vascular calcification [27] , accelerated aging [23] and premature death [23] , it may be that the association between FGF23 excess and adverse outcomes reported in previous studies are, in part, mediated by klotho deficiency. Nevertheless, a completely independent association between s-klotho and eGFR was not observed in the multiple regression analysis, and no association exists between s-klotho and eGFR in transplant recipients. It is also of interest to note that as renal function declines, the observed reduction in s-klotho is only relatively modest compared with the several 100-fold increase in FGF23. Although there are conflicting data, other studies have also failed to show a decrease in s-klotho with declining eGFR [30] [31] [32] [33] , suggesting that any changes in s-klotho cannot simply be explained by a reduction in eGFR.
Another limitation to addressing these hypotheses is that the relative importance of the transmembrane versus the soluble form of klotho is unclear and there is an assumption that lower s-klotho reflects lower tissue klotho expression. In particular, while FGF23 signalling is thought to require the transmembrane form of the protein, it remains purely speculative with regard to the predominant expression of klotho in the distal tubule when the functional effects of FGF23 are on the proximal tubule [55] . Additional research is required to examine FGF23-klotho mediated signalling before s-klotho levels in CKD patients can be accurately interpreted.
Age-dependent change in s-klotho levels has previously reported on healthy subjects [35] and in patients with X-linked hypophosphataemia [34] . This is the first report of s-klotho levels in a paediatric CKD population showing that s-klotho decreases with age. Interestingly, FGF23 also showed an inverse association with age in children with eGFR >60 mL/min/1.73 m 2 in our cohort, although one other study has reported increasing FGF23 with age [40] . The physiological significance of these associations are not known; however, given that the serum P level is highest at the first year of life and decreases thereafter with age, it raises the possibility that the effect of FGF23 and klotho on renal P excretion may play a role in such regulation.
A few paediatric studies exploring the association between FGF23 and various biochemical parameters have been published. Due to their cross-sectional study design and variable populations of CKD, dialysis and transplant patients, there are some conflicting results. Some studies have demonstrated a positive correlation between FGF23 and serum P [39, 41, 42] while others have shown no association between the two [40, 43] . Similarly, the associations between FGF23 and serum PTH [39] [40] [41] [42] [43] and FGF23 and 1,25(OH) 2 D [40] [41] [42] [43] varied. In our patients wherein 89% had normal serum P levels and 66% had PTH levels within the recommended range [56] , no correlation with FGF23 was seen. Moreover, circulating s-klotho levels were inversely associated with PTH. It has been shown that klotho can directly regulate PTH synthesis; when intracellular Ca decreases within the parathyroid glands, the local expression of klotho increases, therefore inducing an increased activity of the Na-KATPase channel, an increased PTH synthesis and a further correction of the hypocalcaemic state [57] . These data highlight the relative importance of controlling P and PTH levels from the earliest stages of CKD. In addition to the well-known effect of FGF23 on suppressing 1,25(OH) 2 D, more interestingly, we observed that higher 25(OH)D levels were associated with reduced FGF23. This negative association may be explained by the stimulatory effect of FGF23 on 24-hydrolyase expression, leading to increased degradation of 25(OH)D [58] . Equally, it should be noted that the effects of low 25 (OH)D are associated with hypertension, left ventricular hypertrophy and progression of CKD, all of which are also negatively affected by FGF23 excess [15, 20] . With a recent published randomized controlled trial reporting increased circulating FGF23 levels with ergocalciferol administration in healthy participants [59] , this raises the intriguing question on the wider clinical implications of ergo-or cholecalciferol supplementation. Nonetheless, we acknowledge that our randomized controlled trial has failed to show an effect of ergocalciferol on FGF23 levels despite an increase in 25(OH)D levels, while others have reported opposite findings [59, 60] . Clearly, further experimental studies and clinical trials of 25(OH)D supplementation are required to reconcile these results.
On the other hand, higher 25(OH)D levels were associated with increased FGF23 in transplanted patients, where corticosteroid treatment may be a confounding factor. Previous studies in children have shown that corticosteroid therapy was associated with increased FGF23 serum levels [40, 43] , but the mechanism is poorly understood. At the same time, there is evidence suggesting an association between corticosteroid usage and vitamin D levels [61] [62] [63] . As 86% of transplanted children were on prednisolone, we were unable to perform subgroup analysis to determine the effect of steroids on FGF23 and s-klotho.
We have shown a novel association between serum Ca levels and increased FGF23. Experimental data in the vitamin D receptor null mice have shown that dietary Ca supplementation significantly increased FGF23 mRNA abundance [64] , implying that high Ca levels may also be a determinant of FGF23 production. Recent studies have shown that the P-binder sevelamer, but not Ca-based binders, were able to decrease FGF23 levels in predialysis CKD patients that could not be attributable to improved P or 1,25(OH) 2 D levels [65, 66] . A study in haemodialysis patients has shown that the use of higher dialysate Ca concentrations, as well as the administration of calcitriol and a Ca-based P-binder were associated with higher final serum FGF23 levels [67] . Future randomized studies on P-binders and vitamin D analogues would need to carefully evaluate their effects on FGF23 levels.
In the longitudinal analysis, there was a significant increase in FGF23 levels over a 12-month period in the CKD group, with the greatest increase in children with CKD4. Our result suggests that the increase in FGF23 levels is likely to be attributed to a reduction in eGFR, independent of any change in Ca, P, PTH, 25(OH)D or 1,25(OH) 2 D levels. While this may be partially explained by reduced clearance, increased FGF23 production in advanced CKD has also been demonstrated [14] . Since only 61% of variance in FGF23 levels was explained by the multi-regression model, other as yet unidentified factors may regulate FGF23 metabolism.
We acknowledge several limitations in our study. As with many paediatric studies small patient numbers make subgroup analysis difficult. The currently available sklotho assays measure soluble s-klotho that may not reflect the molecule in its membrane-bound state. The relationship between circulating and membrane-bound sklotho, as well as the interaction between circulating sklotho and FGF23, need to be explored at different stages of CKD. Also, we were unable to measure serial s-klotho levels due to the cost of the assay. We do not have data for tubular excretion of P, a sensitive marker of FGF23 effect, or on C-reactive protein levels.
In summary, this study shows increasing FGF23 and reduced circulating s-klotho levels with a progressive renal decline even in a population of children with wellcontrolled P levels. The associations between FGF23 and serum Ca as well as 25(OH)D require further exploration in future randomized controlled trials of phosphate binders and vitamin D therapy.
